Healthcare professionals using the new monitor (detector plus IF) should, therefore, have an overall proficiency in the detection and diagnosis of acute ischemia of 85% (detector sensitivity 3 median diagnostic proficiency). We are currently conducting a clinical trial to validate the performance characteristics of the new monitor in an acute hospital setting and we are working in the integration of this monitor with the x-ray fluoroscopy imaging system used in the cardiac catheterization laboratory.
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A Comparison of Two-and Four-Electrode Techniques to Characterize Blood Impedance for the Frequency Range of 100 Hz to 100 MHz
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Abstract-Measurement setups that characterize the impedance of suspensions of blood over the wide frequency range of 100 Hz to 100 MHz are presented in this paper. The performance of the two-and four-electrode techniques have been compared and evaluated. By applying a combination of the two measurement techniques the best result is achieved when taking into account the main nonidealities, such as electrode polarization impedance and parasitic capacitances. It has been found that the conventional three-element model for the impedance of blood can be used for frequencies up to 1 MHz. For frequencies exceeding 1 MHz, an extended model is introduced where a constant phase angle element is used for modeling the cell membrane and a capacitor is added for modeling the electrical capacitance of water in blood.
Index Terms-Blood impedance, cell membrane capacitance, electrical model of blood, three-element model, two-and four-electrode techniques.
I. INTRODUCTION

B
LOOD is considered to be a heterogeneous medium because of the erythrocytes in plasma. Often the electrical characteristics of suspensions of blood are modeled using the well-known three-element model of Fig. 1 [1] , [2] . In this lumped model, the resistor R p represents the electrical resistance of plasma, while the effect of the cell membrane capacitance of the erythrocytes is modeled by the capacitor Cm. Furthermore, the resistor Ri represents the effect of the interior cell resistance of the erythrocytes.
The electrical resistance R p of blood is affected by its flow [3] , [4] .
Moreover, in the studies of G.A.M. Pop et al. [5] , a remarkably strong correlation was found between the impedance components R p and C m of blood and the viscosity of blood. This correlation can be explained by the fact that the aggregation of erythrocytes gives rise to an increase in both the viscosity and the impedance of blood. In order to investigate the feasibility of real-time viscosity measurements that are based on electrical impedance measurements, the electrical impedance of blood has been characterized over a very wide frequency range up to frequencies f of 100 MHz. It was already reported in the studies of [6] and [7] that when the capacitor Cm (see Fig. 1 ) is replaced by a constant phase angle (CPA) element, the model accuracy improves significantly. However, to extract the parameter C m or the CPA accurately, measurements over a wide frequency range are required. Performing such measurements is not an easy task. In experimental studies on blood impedance, the frequency range is usually rather limited. This is partially due to the interests in using the results for certain applications. On the other hand, this is also due to the practical constraints of making measurement setups for a wide frequency band. To obtain better measurement result over a wide bandwidth, we applied a combination of two impedance measurement techniques to characterize the electrical impedance of suspensions of motionless blood. For the low-frequency range (100 Hz up to 12 MHz), a four-electrode measurement technique was applied in which the effects of polarization caused by the electrode-liquid contact were eliminated [8] . In order to reduce the amount and the effect of parasitic capacitances in the measurement setup, a two-electrode measurement technique was applied for the higher-frequency range of up to 100 MHz. Based on the measurement results, the three-element model for the electrical impedance of blood suspensions has been evaluated and an extended equivalent circuit model is proposed.
II. MEASUREMENT SETUPS
To measure the electrical impedance of blood, we made a cylindrical measurement cell (see Fig. 2 ) with four gold-ring electrodes. For the four-electrode measurement setup, a special front-end measurement circuit has been designed and implemented. In this circuit, a constant electrical current is injected via the two outer electrodes (1 and 4) Because of the limited bandwidth of the amplifiers OA1, OA2, AI1 and AI2 and the effects of parasitic capacitances of the electrodes 3 and 4 to ground, the circuit accuracy drops significantly for frequencies higher than 12 MHz. However, by connecting the measurement cell directly to an Agilent 4294A precision impedance analyzer for the two-electrode measurement setup, the problems that occur at frequencies higher than 12 MHz can be mitigated. In that case, the amount and the effects of the remaining parasitic electrode capacitances are also reduced, which enables measurements for the wide frequency range from 100 Hz up to 100 MHz. For the wide intermediate frequencies of 20 kHz to 12 MHz both methods show equal performance.
The cylindrical measurement cell that has been used in both measurement setups has a diameter of 9.5 mm. The distance between the two inner electrodes is 3.8 mm, while the distance between the two outer electrodes is 17.8 mm. The cell constant for the four-electrode setup and the two-electrode setup are 0.54 and 2.79 cm 01 , respectively, where the values were extracted from the measurements of a sample with a known resistivity. By keeping the length of each of the connecting wires short (1.5 cm), the wire resistances are negligible.
From a healthy volunteer, 10 mL of blood was collected and anti-coagulated with Heparin. Next, the blood was placed in the cylindrical measurement cell. Because of the temperature dependence of blood impedance [2] , [9] , it was important to keep the temperature T at a constant value, which during our measurements amounted to 24 C. In addition, to prevent the erythrocytes from settling [10] in the measurement cell, the measurements were performed immediately after a gentle shaking of the cell. We assume that shaking randomizes the distribution of the blood cells. In our experiments, the hematocrit H, which represents the volume percentage of erythrocytes in the total volume of blood, amounted to 45%.
III. EXPERIMENTAL RESULTS AND CHARACTERIZATION
The results of the two-and four-electrode measurements are shown in Fig. 3(a) and (b) , respectively. Because of the geometrical differences of the electrode configurations of the two measurement setups, the values along the axis in Fig. 3(a) differ from those in Fig. 3(b) . Fig. 3(a) shows that when using the two-electrode measurement technique, both the imaginary and the real part of the impedance in the frequency range 100 Hz up to 20 kHz decrease with the square root of the frequency. This is due to the polarization impedance [11] , [12] , which is frequency-dependent. This frequency dependency is known as dispersion and results from the effects of the electrode-electrolyte interface. For frequencies above 20 kHz, the nonlinear effects caused by the magnitude of the applied current or voltage are minimal [13] . In Fig. 3(a) , a valley can be observed for a frequency of about 20 MHz. For higher frequencies (> 20 MHz), the changes in the imaginary part are similar to those of a shunting capacitance and have been identified as the effect of the electrical capacitance of water. Fig. 3(b) shows the results of the four-electrode technique. Because of the high input impedance of the amplifier at the sense electrodes 2 and 3, the effect of the polarization impedance is eliminated. In the frequency range between 20 kHz and 12 MHz, both measurement setups show the same characteristic, which is depicted by the depressed semicircle. This depressed semi-circle is typical for heterogeneous media such as blood. In this frequency range, the impedance decreases as the frequency increases, which is due to the fact that at these frequencies the electrical current passes through the cell membranes of the erythrocytes. This frequency dependency is known as dispersion.
A. Three-Element Model Fitting
A complex data-fitting program, called ZView [14] , has been used to fit both the real and the imaginary parts of the measured impedance with those of the model. In Fig. 3(b) , the fitting result is shown for the simple three-element model of Fig. 1 . The fitting has been performed for measurement data in the frequency range from 100 Hz to 1.2 MHz and extrapolated to 12 MHz. A clear difference is that the measured impedance shows a depressed semi-circle instead of an ideal semi-circle. From the poor fitting result, we can conclude that the cell membrane cannot be well modeled with a simple capacitor C m . Yet, for measurement frequencies below 1 MHz, an acceptable fitting accuracy can be achieved with the three-element model.
B. Extended Model for Blood Impedance
With a small extension of the three-element model of Fig. 1 , it is possible to improve the performance of the model. First, instead of using a capacitor C m to model the cell membrane capacitance, a CPA element can be used, as proposed in [6] and [7] . This CPA element has an impedance Z CPA , which equals
where C is a constant, ! = 2f , and 0 < < 1. Next, in the model a capacitor C liq is placed parallel to the three-element model. This capacitance models the dielectric capacitance of the intra-cellular and extra-cellular fluid of blood, which mainly consists of water. The effects of both extensions are shown in Fig. 4 , which displays the extended electrical model of blood. Combining the extended electrical model of blood with the model in [11] for the polarization impedance, results in a fitting graph that is shown in Fig. 5 . From the excellent fitting results, we can conclude that we have a good model for the electrical impedance of blood for frequencies up to 100 MHz. In the simulations, the influence of the electrical capacitance of water C liq can easily be shown. The non-dotted line in Fig. 5 shows the simulated impedance result for the case that C liq hasbeen omitted.
IV. CONCLUSION
It has been shown that for an accurate characterization of blood impedance over a wide frequency range, a combination of two measurement techniques yields the best performance. For the low-frequency range (100 Hz up to 20 kHz) the four-electrode technique is most useful, while for the higher frequency range (12 to 100 MHz) the two-electrode technique gives the better performance. For the intermediate range, both techniques give a similar performance.
The traditional three-element model (Rp, Ri and Cm) for the impedance of suspensions of blood can be used for a frequency range up to 1 MHz. For higher frequencies up to 100 MHz, an extended model is proposed. In this model, the capacitor Cm is replaced by a so-called CPA element, and a shunting capacitor C liq is added simultaneously. The capacitor C liq represents the electrical capacitance of water in blood, which has an influence at frequencies from 1.5 MHz onwards.
